ABSTRACT
INTRODUCTION
Green fluorescent protein (GFP) has emerged as a powerful new tool in plant biotechnology research and applications. The purpose of this review is to briefly chronicle GFP research in plants and to summarize some of the bold directions this relatively new tool is taking plant biotechnology.
GFP was first cloned and sequenced from the cnidarian, Aequorea victoria , in the early nineties (32) . Since then, it has been expressed in a variety of organisms, ranging from bacteria (19) , fungi (41) , invertebrates (30) , vertebrates (49) and plants (12, 34, 37, 44) . Wild-type GFP is a 27-kDa monomer consisting of 238 amino acids that has the unique characteristic of emitting green light when excited with UV (360-400 nm) or blue (440-480 nm) light. GFP is the only well-characterized example of a protein that displays strong, visible fluorescence without any additional substrates or co-factors (14) . It maintains this fluorescence even after prolonged incubation in strong denaturing agents such as 6 M guanidine HCl, 8 M urea or 1% sodium dodecyl sulfate (SDS) (4) . GFP has a broad range of pH stability, retaining conformation from pH 5.5-12.0, and is extremely thermostable, surviving temperatures up to 65°C (4) .
In the jellyfish A. victoria , its role is to transduce the blue chemiluminescence of another protein (aequorin) into green light (22, 23) . The light absorbing agent of the protein, the chromophore, is covalently attached to the protein and is formed by a post-translational modification in which a tripeptide within the protein is cyclized and oxidized (7, 13, 27, 38) . This chromophore is protected inside the protein, whose molecular structure has been recently elucidated (27, 46) . The overall shape of the protein consists of eleven strands of β -sheet forming the shape of a cylinder, capped with α -helices on the top and bottom (46) . These α -helices also form a scaffold for the chromophore, which is located near the geometric center of the protein (46) . This structure represents a new protein fold nicknamed the β -can (46) . Oxygen has a paradoxical relationship with the protein, for it is believed to be necessary for correct protein folding, but its contact with the chromophore will quench fluorescence (46) .
GFP IN CELLS

GFP Optimization
Green fluorescent protein retains fluorescence when fused to another protein both on the N-and C-terminal ends, which makes it an attractive fluorescent tag to monitor subcellular activities such as gene expression, protein-protein interactions and protein trafficking and localization (5, 10, 15, 37) . These applications have been improved by the development of chromophore-mutated versions of GFP, in which single amino-acid substitutions have produced forms of the protein with shifted excitation peaks. Wildtype GFP has two excitation points at about 395 and 470 nm, and it emits the most amount of green light at 508-509 nm (5, 45) . A blue-shifted variant has been produced by substituting histidine (Y66H) or tryptophan (Y66W) for tyrosine at position 66 in the chromophore (14) . These mutants, called blue fluorescent proteins (BFPs) (14) were created to enhance GFP as a molecular tool by providing a second visibly distinct color for in vivo visualization of subcellular activities (13) . Other mutations made by exchanging amino acid serine 65 to cysteine (S65C) and threonine (S65T) have increased the magnitude of green fluorescence, which has significantly improved the detection levels of the GFP (34) . In addition, other modifications, such as F64L and S65T, have improved the folding in EGFP, an enhanced version of the protein (8, 47) .
Though the wild-type gene has been expressed in both monocot and dicot cells (34) , expression has generally been low or unstable in plants (16) . Therefore, modified versions of the gene, such as mgfp4 , were produced when an 84-bp sequence necessary for proper protein folding and expression was found to be mis-spliced in Arabidopsis (11) . The sequence similarity to known plant introns caused it to be spliced-out during transcription, so Haseloff and colleagues reduced its AU content and reduced the chance of the sequence being excised, thereby restoring proper expression in the plant (12) . To help improve visible fluorescence from GFP, Haseloff et al. has also recently transformed Arabidopsis with a modified GFP construct ( mgfp5-er ) that targets the protein to the endoplasmic reticulum, resulting in high, in vivo, expression in plants (12) . In addition, this construct also has V163A and S175T mutations that enhance folding, stability and hence in vivo fluorescence (39) .
Transformation Tool
The fact that GFP requires no additional substrates or co-factors to fluoresce and its ability to be expressed in a variety of organisms has made it a valuable universal reporter gene for scientific research (2, 5, 31) . One obvious use for GFP is as a β -glucuronidase (GUS) substitute in transient and stable expression assays. For example, in the first studies using GFP in plant cells, it was shown that wild-type GFP was fluorescent in orange (25) and Arabidopsis (16) protoplasts. Modified versions have been utilized to a greater extent in maize (6, 29, 34) and alfalfa protoplasts (34) , and the cells of Arabidopsis (11, 12, 28, 37) , corn (28) , rice (24, 48) , soybean (30), spruce and pine (44) . It is conceivable that GFP can be used in place of selectable markers, such as those conferring antibiotic or herbicide resistance to recover transformed cells, tissues, organs and ultimately plants. For example, in transformation systems in which in vivo technology is used, such as bombardment of meristems (20, 21) , it would be much more cost-efficient to use an in vivo marker such as GFP rather than GUS. Chimeric transformants can be identified easily and nondestructively and en masse. Thus, GFP may reduce the cost of transformation and make transformation systems of economically less important crops, model and wild plants more feasible.
Cell Biology
Beyond transformation studies as noted above, GFP has been used in plants mainly as a subcellular targeting tool and as a marker gene (11) . GFP has been targeted to the endoplasmic reticulum (3, 12) and fused to proteins containing nuclear localization sequences (9) and to mitochondrial targeting signals (17) to study intracellular protein targeting. In a cell cycle study, GFP has been fused to phragmoplastin, a protein targeted to the cell plate (10) . In this case, the chimeric gene proved valuable to monitor early events in cell plate formation. These studies, especially the last, demonstrate the power of GFP in cell biology inasmuch that cells do not have to be destroyed during assay, and that GFP may potentially be fused to any peptide.
WHOLE PLANT FLUORESCENCE Disease Movement
While most of the research to date with GFP in plants has been performed at the cellular level, perhaps the most exciting applications will be at the organ level and higher. For all these studies, only modified versions of GFP have been used because of the requisite high expression. Especially exciting is the prospect of using GFP in monitoring and studying pathogen infection of plants. For example, viral infections in plants have been studied using GFP by replacing coat-protein genes from potato virus X (PVX) with the fluorescent protein and monitoring virus-infected tissue with microscopy to study virus movements (2) and by fusing the protein-to-movement proteins to determine how a virus spreads through and among host cells (15, 17) . This approach can also be used macroscopically. For example, researchers at the Scottish Crop Research Institute have fused coat protein with GFP and a protein of interest to use in a production system of foreign proteins in plants, a GFP overcoat (26, 42) . Under UV illumination, viral movement can be easily seen in whole plants; hence, bioproduction of the protein of interest can be monitored in real time.
Ecological Monitoring
One use for GFP in whole plants is to use it as an in vivo marker to monitor transgene spread in the environment. Since some engineered crop species have weedy relatives growing nearby, researchers and environmentalists are concerned that fitness-enhancing transgenes will be introgressed into wild populations (35, 40) , which could foreseeably alter natural and agricultural ecosystems, a likely situation (1, 18, 36) . One ramification of large-scale releases is the possibility of increased invasiveness and competition of transgenic weeds containing a transgene conferring an increment of fitness. No tracking system is in place to monitor transgene introgression into unintended hosts; however, GFP is the best candidate for this application (43) .
To test the practicality of using GFP as a transgene monitoring tool, we have engineered tobacco ( Nicotiana tabacumcv. Xanthi) for whole-plant fluorescence using mgfp4 , a mutagenized version of the gene that retains UV excitation under the control of the 35S promoter. The goal is to provide an in vivo, real-time, scorable marker gene to monitor transgenic plants in the field. When a plant transgenic for the GFP gene is excited with a hand-held, longwave UV light (365 nm), the plant appears green compared to non-transgenic plants, which appear red due to the red autofluorescence of chlorophyll (Figure 1 ). To visibly detect GFP expression in the plant, protein expression must be high enough to mask this red autofluorescence (43) (Figure 1 Figure 1 , low fluorescence was intermediate between red and green, etc. Control plants were non-transgenic and appeared red.
b Fluorescence spectrophotometry was performed as another assay for visual fluorescence of GFP in plant extract samples as prepared below. Extraction for fluoresence spectrometry were performed from leaves that were harvested on dry ice and stored at -80°C. Samples and GFP standards were excited at 380 nm with the emission scan measured from 400-575 nm. Fluorescence in arbitrary units ( × 10 5 ) with excitation at 380 nm and detection at 502 nm.
c Gene expression is represented as % GFP of total extractable protein as determined by immunostained protein blot analysis. A 0.1-g (1.5 cm 2 ) portion of the fourth leaf from the apex leaf was homogenized with 600 µ L extraction buffer (50 mM TrisHCl, pH 8.0, 10 mM EDTA, pH 8.0, 10 mM 2-mercaptoethanol, 18% glycerol) on ice. Samples were clarified by centrifugation at 16 400 ×gfor 5 min. Protein blot analysis was performed using 2 µ g of total protein in each sample lane and was analyzed according to published methods (33) . Recombinant GFP protein (CLONTECH) was used for standards. Immunostaining was performed by applying each of the following antibodies sequentially using methods published elsewhere (33): rabbit polyclonal anti-GFP serum (1:3000 dilution; CLONTECH), goat-anti rabbit (Sigma Chemical, St. Louis, MO, USA) and rabbit antigoat/alkaline phosphatase (Sigma Chemical). GFP protein was detected by exposing the nitro-cellulose membrane to nitro blue tetrazolium/bromochloroindolyl phosphate substrate for approximately 4 min. Total protein was quantified using the Bradford assay. Densitometric analysis was used to quantify immunostained GFP.
d Seed weight per plant at the end of the growing season of plants grown in a greenhouse and common garden in 1-gallon plastic pots. independent lines of transgenic tobacco. In analyzing approximately 20 of these lines representing a range of fluorescence and growing out progeny, we have determined that the transgene is stably expressed in whole-plants-based visual assessment, fluorescence spectrophotometry and Western blot analysis (Table 1) . We currently have fourthgeneration plants that are fluorescent.
There do seem to be environmental interactions associated with fluorescence phenotypes, but these are independent of transgenic line effects. How much GFP must be produced to be unambiguously visualized in whole plants?Protein analysis was conducted on transgenic plants to quantify GFP protein expression and to compare these data to visual fluorescence data (Table 1) .
Approximately 0.1% mGFP4 expression is sufficient to yield highly fluorescent plants, assuming all species are in the active (fluorescent) form on the basis of visual and immunostain data comparisons (Table 1; Figure 2 ). Fluorescence was positively correlated with protein expression ( P >0.05; Figure 2) . Fluorescence spectrophotometry confirmed the visible fluorescence data (Figure 3) . The fluorescence spectrophotometry was valuable for comparative purposes, but was not useful to quantify the number of green fluorescent molecules per unit leaf area because the extinction coefficient of the wild-type standard was presumed different than the recombinant GFP in plants. Fluorescence spectrophotometric scans also reveal endogenous fluorescent compounds in leaves. Also, since leaves were frozen before extraction, there may have been protein degradation before measurement.
In conclusion, green fluorescent protein is stably inherited in progeny and is useful as a tag to mark transgenic plants in vivo. We (43) and others (12, 28) have shown that whole plant fluorescence with GFP is possible. This, to our knowledge, is the first report to show how much GFP must be synthesized in plants to be reliably visualized.
There are several other questions that must be answered before GFP can be used reliably in whole-plant applica - It is foreseeable that in 21st century agriculture, GFP will be a valuable tool in several arenas. It is envisaged that GFP could be used to monitor pathogen spread across whole fields. Pathogens, insects and other stresses might trip inducible promoter-fused GFPs in transgenic plants that would serve as an early-warning system for crop failure, enabling the grower to take timely action. Different colored fluorescence proteins might be used to code for various pests and stresses. GFP biotechnology should be useful to monitor other agricultural biotechnologies and guard against transgene flow to weedy, wild relatives that might disrupt ecosystems. These systems would certainly increase crop yields, decrease chemical inputs and protect natural ecosystems, thereby increasing sustainability of agriculture. We tip our hats to the jellyfish.
